Polyethylene glycol (PEG) is a low-cost and advantageous embedding medium, which maintains the majority of cell contents unaltered during the embedding process. Some hard or complex plant materials are better embedded in PEG than in other usual embedding media. However, the histochemical tests for phenolics and lignins in PEG-embedded plant tissues commonly result in false negatives. We hypothesize that these false negatives should be prevented by the use of distinct fixatives, which should avoid the bonds between PEG and phenols. Novel protocols for phenolics and flavanols detection are efficiently tested, with fixation of the samples in ferrous sulfate and formalin or in caffeine and sodium benzoate, respectively. The differentiation of lignin types is possible in safranin-stained sections observed under fluorescence. The Maule's test faultlessly distinguishes syringyl-rich from guaiacyl-and hydroxyphenyl-rich lignins in PEG-embedded material under light microscopy. Current hypothesis is corroborated, that is, the adequate fixation solves the false-negative results, and the new proposed protocols fill up some gaps on the detection of phenolics and lignins. (J Histochem Cytochem 65:105-116, 2017) 
Introduction
Polyethylene glycol (PEG) has been attested as a good embedding medium for plant histochemistry, except for the detection of phenolic substances. 1 PEG general efficiency relies on its solubility in water and also in the maintenance of the lipophilic cell contents. 1, 2 In addition, paraffin and methyl methacrylatebased resin (Historesin) are more expensive media than PEG, and their use demands dehydration of the material in a gradual series of ethanol, butanol, isoamyl acetate, butyl acetate, xylene, and so on. 2, 3 In contrast, PEG-embedding protocol involves a few steps in gradual PEG aqueous solutions, and is efficient for plant samples with cells and tissues of different sizes and degrees of hardness. 1, 2 The routines of plant anatomy laboratories commonly involve the use of paraffin, paraffin-like polymers (such as Paraplast), or methyl methacrylate (Historesin). PEG has been used for difficult-embedding materials such as wood fragments, [4] [5] [6] [7] [8] but it is adequate for animal or plant samples, with distinct hardness and complex tissue arrangements. For instance, hard insect galls (with trichomes covering, 677035J HCXXX10.1369/0022155416677035Detection of polyphenols and lignins in plantsFerreira et al.
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and a mix of parenchymatic and lignified tissue layers), bean seeds, and leaves with several trichomes may be successfully embedded in PEG, sectioned in microtome (20-40 µm thickness), and submitted to double staining or histochemical tests. 1 The histochemical detection of starch, reducing sugars, proteins, lipids, and terpenoids is perfectly possible both in plant materials embedded in PEG and in hand-sectioned materials. However, the detection of polyphenols, flavanols, and lignins has been unsuccessful with PEG-embedded material. 1 Such technical failure probably occurs because PEG links to the hydroxyl groups of the phenolics through strong hydrogen bonds, 9, 10 precipitating the phenol molecules 11, 12 or simply covering the reactive sites. 1 Phenolics are secondary metabolites produced mainly by land plants, 13 usually deposited in vacuoles or cell walls. 13, 14 Polyphenols, tannins, and flavonoids are largely considered plant protectors against herbivores and pathogens. 13, 14 However, the correlation between defenses against herbivory and levels of secondary metabolites, such as phenolics, tannins, and flavonoids, has been doubted. 15 In contrast, phenolics and flavanols have been proved to play important developmental, physiological, and structural roles, 13 for instance, acting as inhibitors of indole-3-acetic acid (IAA) oxidases. 16 IAA oxidases degrade the IAA, one of the most important plant hormones, associated with cell hypertrophy and plant growth. Further studies on the colocalization of phenolics, flavanols, auxins, and other hormones in plant tissues may indicate additional steps on how these compounds act in plant cell development. 17, 18 The phenolics act in the avoidance of excessive damage of reactive oxygen species (ROS) in cellular membranes and organelles. 13, [18] [19] [20] [21] [22] They are also important antioxidant compounds, capturing the ROS, protecting plant structures from ultraviolet (UV) radiation, and avoiding the programmed cell death. 23, 24 Such functions may be triggered in biotic stresses, water deficiency, and excessive light exposition. 13, 14, 19, 20, 22, 25 Some flavonoids, such as anthocyanins in the vacuoles, are important to give purple, pink, or blue color to some plant organs, acting as attractive traits for specialist pollinators and dispersers. 13, 23, 24 The lignins are deposited in the cell walls, rigidifying and waterproofing these outer structures of plant cells. 26, 27 They are important in plant support, and are largely present in sclereids, fibers, and tracheary elements, and are key innovations for the conquest of the terrestrial environments by land plants. 27, 28 Lignins in vessel elements and tracheids avoid the collapse of these plant cells, which are submitted to the negative pressure of leaf transpiration, essential for water transport from soil toward leaves. 29 The proportion of lignin residues may be distinct among taxonomic plant groups, as well as among cell types of the same species. 27, 30 However, the functional relationship of such distinctness remains unclear.
Lignin precursors capture ROS both for ordinary differentiation processes and under stressing conditions. Therefore, the accumulation of lignins in parenchymatic cells are direct responses to distinct types of stress. 20, 22, 27 Also, the development of sclerenchyma layers in insect galls, and of sclereids and lignified fiber sheaths in xeromorphous leaves, involves stressful conditions. 18, 22 Moreover, agronomists are studying, selecting, and/or genetically enhancing cultivars with the lower possible amount of lignins. 30 In addition, as less stressed plants produce less lignins and polyphenols, studies on the effects of distinct stresses in agricultural plants are demanded. 19, 20, 31 Consequently, cheaper and faster ways of diagnosing such kinds of substances in plant structures may be useful for monitoring the distribution of phenolics and lignins in plants.
To develop novel protocols for detection of lignins and polyphenols in native and cultivated plants, we hypothesized that distinct fixative methodologies could avoid the bonds between PEG and phenolic molecules. In an effort to detect phenolics and lignins in PEG-embedded samples, we test several fixatives, stainings, and histochemical reagents in stems of two native plants of distinct families (Miconia albicans, Melastomataceae, and Schinus polygamus, Anacardiaceae), and of a largely studied agricultural plant (tobacco, Nicotiana tabacum). Current analyses provide protocols for the detection of phenolics and lignins in sections with standardized thickness, and the avoidance of false-negative results. 
Materials and Methods

T1-Control-No Fixatives
The freshly collected fragments were hand-sectioned, submitted to histochemical reactions for polyphenols, proanthocyanidins (condensed tannins), lignins, and flavanols ( Table 1 ).
T2-Fixation in Karnovsky
The samples were fixed in Karnovsky's solution 42 ( Table 2) ; embedded in PEG; sectioned; submitted to histochemical reactions for detection of polyphenols, lignins, flavanols, and proanthocyanidins (Table 1) ; and mounted in slides with distilled water. Blank sections (without staining) were also mounted and analyzed. Suberin and lignins were distinguished in stem sections submitted to Sudan black B (Table 1) .
T3-Fixation With Ferrous Sulfate/Formalin
Fresh fragments fixed in ferrous sulfate and formalin 3 ( Table 2) were embedded in PEG, sectioned, and mounted in distilled water for polyphenols detection.
T4-Fixation in Caffeine/Sodium Benzoate
Fresh fragments fixed in caffeine and sodium benzoate (Tables 1 and 2) for 72 hr were embedded in PEG, sectioned, and divided in three groups. Sections of group 1 were incubated in DMACA (p-dimethylaminocinnamaldehyde), group 2 in ferric chloride, and group 3 in vanillin/hydrochloridric acid (Table 1) , for detection of flavanols, polyphenols, and condensed tannins, respectively.
T5-Fixation in Karnovsky and Caffeine/Sodium Benzoate
Fresh fragments fixed in Karnovsky's solution ( 
T6-Fixation in Karnovsky-Epifluorescence Microscopy
For distinguishing the types of lignins, sections of N. tabacum stems, fixed in Karnovsky and embedded in PEG, were mounted (1) without staining, (2) stained with basic fuchsin and astra blue, and (3) stained with safranin and astra blue ( 
Embedding in PEG
Following the steps described by Ferreira et al., 1 plant samples were transferred from the fixative solution, washed in distilled water (3× of 5 min), and placed in 25% PEG (w/v) in a 60C stove. We used PEG 6000, but it is also possible to use PEG polymers with molecular mass between 1500 and 6000. When the volume of the recipient reached half of the initial volume (24-48 hr), a solution of 90% PEG was added up to the initial volume. After 24 to 48 hr of evaporation, the fragments were embedded in blocks, using 90% to 100% PEG 2 (modified by the suppression of Arabic gum). The suppression of Arabic gum resulted in friable blocks, and extra care was necessary during sectioning in microtome. The blocks were kept in the freezer (−16C) before sectioning, to maintain them hard and cold. The hardened PEG blocks were bonded in wood blocks with pure PEG or 90% PEG, to be stuck in the microtome for sectioning.
PEG Blocks Sectioning
During sectioning in microtome (20-40 µm), the blocks usually crumble/break. To prevent such breaking, the block surface was moisturized with a wet paintbrush before every single section. The humid sections were carefully collected with a wet paintbrush or a stylet, and immediately immersed in warm water in a Petri dish (35C-50C).
The histochemical analyses or histological staining were performed (T2-T6) with the sections directly collected from the Petri dishes, similarly to fresh handmade sections (T1). After the histochemical tests or histological staining, the sections were mounted between slides and coverslips with water (50% glycerin or jelly glycerin may be used; see references 2, 3, 40 ; or other plant histology manuals).
Results
T1 (Controls)
The T1 treatment was used as control for the other treatments (Table 3 ). Histochemical tests in fresh material detected soluble polyphenols, flavanols, and proanthocyanidins in trichomes, and cortical and pith parenchyma of M. albicans stems (Fig. 1 ). In these stems, lignins were detected by Wiesner's test in arachnoid trichomes, cortical sclereids, secondary xylem, pith parenchyma, and xylem of the medullary bundles (Fig. 1) . The Maule's test applied to the fresh material stained lignins in orange in the xylem, and in brownish-orange in pith parenchyma and cortical sclereids (Fig. 1) . In S. polygamus, the perivascular fibers, secondary xylem, and pith parenchyma stained red with Maule's test (Fig. 2) and pink with Wiesner's test. Sudan black B detected the presence of suberin in cell walls of the phellem (suber; Fig. 2 ). Phenolics were detected in gray by ferric chloride in cortical and pith parenchyma cells.
In N. tabacum stems, soluble polyphenols were not detected, and lignins were detected in radial parenchyma, fibers, and vessel elements of the secondary xylem with Wiesner's reaction. The test of Maule in fresh material stained lignins in brown in the vessel elements and radial parenchyma cells of the secondary xylem, and in reddish-orange in secondary xylem fibers (Fig. 3 ).
T2
The blank sections fixed in Karnovsky's solution and embedded in PEG showed some brown colored vacuoles (Fig. 4) . The tests with ferric chloride, vanillin, and DMACA in samples fixed with Karnovsky's solution did not stain the polyphenols after embedding in PEG (Table 3) .
Wiesner's test weakly stained lignins in M. albicans and N. tabacum (Figs. 3 and 4 ), but did not stain any tissues in S. polygamus. Maule's test detected lignins in red in perivascular fibers, secondary xylem, and pith parenchyma of S. polygamus (Fig. 2) . In N. tabacum stems, Maule's test stained the cell walls of the vessel elements in dark brown, and radial parenchyma and secondary xylem fibers in brownish-orange (Fig. 3) . The pith lignified parenchyma and the secondary xylem of M. albicans stained red, cortical sclereids stained light brown (Fig. 4) . Sudan Black B detected suberin in cell walls of phellem (suber; Fig. 2 ).
T3
The polyphenols were detected (Table 3 ) in S. polygamus (Fig. 2) and M. albicans (Fig. 4) , in sections previously fixed in ferrous sulfate in formalin and embedded in PEG. As in controls, N. tabacum had no detectable phenolic inclusions. 
T4
The polyphenols (ferric chloride test) and flavanols (DMACA test) were detected (Table 3) , but the fixation with caffeine and sodium benzoate had not adequately preserved the tissues (Fig. 5 ). Vanillin/hydrochloridric acid did not detect condensed tannins (Table 3 ).
T5
The polyphenols were detected with the ferric chloride test (Table 3) , and the cytological content was preserved as well (Fig. 5 ). Flavanols stained magenta with DMACA reaction (Fig. 5 ), but condensed tannins were not detected with vanillin/hydrochloridric acid (Table 3 ).
T6
The lignified and non-lignified cell walls were well distinguishable in the sections of N. tabacum stems analyzed under epifluorescence microscopy (Table 3) . Lignins in blank sections were weakly marked under epifluorescence (Fig. 3) . Lignins stained pink with safranin and astra blue, or basic fuchsin and astra blue under light microscopy (Fig. 3) . The autofluorescence of totally and partially lignified cell walls was observed both in blank and stained sections (Fig. 3) . Best results were obtained with safranin/astra blue staining, with distinctions among lignified cell types evidenced with violet light/violet filter (Fig. 3 ). Cell walls of fibers were green, of radial parenchyma were yellowish-green, and of vessel elements were yellow under violet light. All the used light wavelengths provided good contrast in sections stained with astra blue/safranin ( Fig. 3 ).
Discussion
Samples embedded in PEG, previously fixed in Karnovsky's solution (T2), had produced false-negative results for the detection of polyphenols, tannins, flavanols, and lignins (Table 3) , reinforcing the observations of Ferreira et al. 1 Herein, we proposed other successful protocols for the detection of these secondary compounds in PEG-embedded samples.
Total Phenolics
Total polyphenols may be detected by fixation in ferrous sulfate and formalin (T3) previous to PEG embedding. The fixation with ferrous sulfate and formalin previous to the PEG-embedding procedures precipitates the polyphenols and consequently avoids their binding to PEG. Moreover, the fixation with caffeine and sodium benzoate before the incubation of the sections in DMACA coagulates the flavanols, 34 avoiding their leaching during the staining. Therefore, T4 and T5 may be used for the detection of phenolics. The overall presence of polyphenols in the native plants, such as M. albicans and S. polygamus, confirms the previous knowledge on the chemical profile of the Melastomataceae and Anacardiaceae, 1, 21, 24 and may be related to molecular defenses against ROS and UV radiation damages on these plants, when growing under excessive irradiation. 13, 14, 25 On the contrary, the absence of polyphenols in cultivated stems of N. tabacum cv. Hav. indicates that the plants were grown under low stress, which is an ideal condition for agricultural plants. 19, 20, 31 Histochemical evaluation of agricultural plants should help agronomists to select the plant cultivars of interest.
Flavanols
Flavanols are commonly leached during the PEGembedding process (T2). The incubation in caffeine and sodium benzoate (before the embedding in PEG; T4 and T5) allows the maintenance of the flavanols, even after fixation of the samples in Karnovsky's solution. Such result indicates that the washing of the phenolic compounds during the PEG-embedding process 1 was avoided due to the postfixation process.
The reactions with DMACA are positive after T4 and T5, and, therefore, either the fixation or postfixation with caffeine and sodium benzoate preserves the flavanols. The vacuolar content stained in magenta (T5) was also considered positive for flavanols, for the reaction of the DMACA starts dark-green between 1 and 2 hr of reaction, and thereafter may turn to magenta. 33 Current results confirm that at least part of the phenolics observed in M. albicans and S. polygamus are flavanols, and, therefore, they also participate in plant development, probably avoiding excessive damage of oxidative stress in these native plants. 23, 24 
Lignins
The comparison of Wiesner's and Maule's test indicates distinct types of lignin in the stems of S. polygamus, N. tabacum, and M. albicans. The lignins are always detected by Maule's test, in red or brown, depending on the lignin type. 30 The lignin chains rich in syringyl propane (S-type, sinapyl alcohol) stain red, whereas guaiacyl (G-type, coniferyl alcohol) and hydroxyphenyl (H-type, coumaryl alcohol) lignins stain brown. The orange or brownish-orange reactions with Maule's test indicate intermediary levels of sinapyl and coniferyl/coumaryl alcohols in M. albicans stems. The variation in color with Maule's test is also observed in N. tabacum stems, whose cell walls of the fibers reacted in red (syringyl lignin) in T1, and brownishorange (mixed lignin) in T2. The mixed patterns in M. albicans and N. tabacum may indicate the compartmentalization of functions among distinct lignified cell types. Nevertheless, the differences on lignin composition within a single tissue or organ are not well understood, and future studies should elucidate its implication in plant physiology.
The differentiation of lignin types under blue and violet lights was also observed under epifluorescence, and could be distinguished on the basis of fluorochromasia in safranin-stained sections, 43 which confirmed Maule's test results under light microscopy. Under epifluorescence with violet light, the vessel elements with hydroxyphenyl or guaiacyl lignin (detected by Maule's test) stained yellow, and the fibers with syringyl lignin (also detected by Maule's test) stained green. Another use of safranin in epifluorescence has been supposedly the improving of discerning lignified and non-lignified tissues, 44, 45 or even distinct lignification levels of cell walls. 43, 44, 46 Whereas lignin, cutin, and suberin are autofluorescent cell wall substances, 47 we indicate Sudan black B as an additional counter-test to distinguish the suberization or lignification of cell walls. 38, 47 This staining technique detects the presence of lipids both in fresh samples or samples embedded in PEG. 1 If suberin-a waxy substance 48 -is deposited in the cell wall, it will react with Sudan black B. Cutin and waxes, present in epidermal surfaces, will also react with this dye. This counter-test may be used as complementary to epifluorescence tests for lignins, 47 avoiding misinterpretations. The protocols herein proposed, with distinct fixation procedures previous to embedding in PEG, solve the false negatives for the histochemical detection of polyphenols, flavanols, and lignins. For polyphenols detection, previous fixation in ferrous sulfate/ formalin (T3) is indicated. Flavanols may be conserved by previous fixation with caffeine and sodium benzoate (T4) or with fixation with Karnovsky's solution, followed by postfixation caffeine/sodium benzoate (T5). Finally, lignin types may be successfully distinguished with Maule's test for light microscopy observation (T2), or by staining with safranin for observation under epifluorescence (T6) with blue or violet light.
